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ABSTRACT
The DNA origami technique itself is considered a milestone of DNA nanotechnology and DNA origami nanorulers represent the first
widespread application of this technique. DNA origami nanorulers are used to demonstrate the capabilities of techniques and are valuable
training samples. They have meanwhile been developed for a multitude of microscopy methods including optical microscopy, atomic force
microscopy, and electron microscopy, and their unique properties are further exploited to develop point-light sources, brightness references,
nanophotonic test structures, and alignment tools for correlative microscopy. In this perspective, we provide an overview of the basics of DNA
origami nanorulers and their increasing applications in fields of optical and especially super-resolution fluorescence microscopy. In addition,
emerging applications of reference structures based on DNA origami are discussed together with recent developments.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0022885., s
I. INTRODUCTION
Light microscopy techniques are major nondestructive imaging
tools in biology, biomedicine, and related life sciences. The diffrac-
tion limit, the ultimate resolution limitation in optical microscopy,
has been overcome with super-resolution (SR) microscopy.1–3
Even distances below the diffraction limit of light can now be
resolved with a non-invasive optical microscope yielding crisp
images. The most prominent super-resolution techniques are stimu-
lated emission depletion4 (STED) and single-molecule localization-
based microscopy (STORM,5 dSTORM,6 PALM,7 PAINT,8 DNA-
PAINT,9 MINFLUX10,11) and derivates thereof. Similarly, struc-
tured illumination microscopy12,13 (SIM) techniques are pushing
the limits of resolution. The resolution problem boils down to
the ability of distinguishing two point-like objects. Two fluores-
cent spots in close proximity, for example, could not be differ-
entiated in a wide-field microscope [Fig. 1(a)] as quantitatively
described by the Rayleigh criterion. The information of the local-
ization of each spot can, however, be reconstructed when just one
fluorophore is visible at a time. In single-molecule localization
approaches, the point spread function (PSF) of each emitting spot
is fitted by a Gaussian function and the exact position is deter-
mined with a precision substantially better than the detector pixel
size.
In the early years of super-resolution microscopy, filamentous
structures such as microtubules and actin filaments were imaged to
demonstrate the new techniques and their variants [Fig. 1(b)].14 The
images were then examined to find the smallest features that could
be distinguished. This could, e.g., be two filaments oriented parallel
over some distance. Presenting cross sections of these parts of the
image demonstrated the achievable resolution. The disadvantages
of this approach are obvious. First, the true underlying structure is
unknown. The measurements are not reproducible as every location
in a cell is different and statistically underpinned resolution mea-
sures cannot be deduced. Critically, claimed resolution measures
cannot directly be reproduced in another laboratory. The impor-
tant property of a standard, i.e., providing comparability between
labs and instruments was not provided. Furthermore, the molecular
environment of the labels is not defined and the number of labels
contributing to the signal is not known.
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FIG. 1. (a) Sketch explaining super-resolution microscopy by successive single-molecule localizations. Positions of individual, independently switching molecules are deter-
mined and the super-resolution image is reconstructed from the density of localizations. (b) Comparison of actin filaments (top row) and DNA origamis (bottom row) as test
structures. Right panels show representative super-resolution images and left panels show the corresponding total internal reflection fluorescence (TIRF) images (adapted
from Ref. 14). (c) Scheme of folding a dye labeled DNA origami nanoruler. (d) Scheme of addressability of modifications (e.g., fluorophores) on DNA origami nanorulers
by DNA hybridization. (e) Scheme of underlying structures successfully used as DNA origami nanoruler breadboards [six helix bundle (400 nm), 12 helix-bundle (200 nm),
rectangular structure (100 nm), and pillar (200 nm)].
Nowadays, three approaches have evolved for objective char-
acterization of fluorescence imaging techniques including algorith-
mic resolution calculation15 [e.g., Fourier ring correlation (FRC)16],
defined natural protein structures such as nuclear pores17,18 or the
diameter of microtubules,18 and artificial structures such as DNA
origami nanorulers.19–23 Among the different approaches which all
have their pros and cons, DNA origami nanorulers are the best-
defined and most versatile and realistically allow emulating diverse
microscopy experiments. As is shown in Fig. 1(b) (bottom panel),
the ability to distinguish two point-light sources as required by
established resolution criteria is directly visualized for the imag-
ing technique in the bottom right panel compared to the imaging
method used for the image in the bottom left panel. Beyond the pos-
sibility to quantitatively characterize microscopy techniques, DNA
origami nanorulers have become a positive control, calibration tool,
and training sample in fluorescence microscopy and beyond.
In this perspective, we outline the development of DNA
origami nanorulers, explain the principles of their design and func-
tioning, and provide numerous examples of their application. These
applications meanwhile diverge into different fields and an outlook
on new directions is given. Emerging applications include fiducial
markers (FM), brightness referencing and applications in atomic
force microscopy, electron microscopy and their combinations.
A. DNA origami nanorulers - basics
DNA origami nanorulers14 are building on the DNA origami
technique. DNA origami was introduced in 2006 by Rothemund
and is seen as a milestone in DNA nanotechnology.24 With DNA
origami, a single person can easily create impressively big DNA
nanostructures with programmed geometry and almost atomistic
structural control.24,25 The resulting nanostructures are obtained in
high yields and, after folding, they are robust and stable in a vari-
ety of conditions and over long timescales. DNA origami nanorulers
made early use of DNA origami and led to the first commercial appli-
cation based on DNA origami technology by the spin-off company
GATTAquant.
DNA origami are built from one long single-stranded DNA of
∼7300 nucleotides with known sequence, which is called the scaffold
strand. The single-stranded, circular scaffold strand was obtained
from a bacteriophage (typically M13mp18) and can be folded with
∼200 shorter oligonucleotides, so called staple strands into a defined
2D- or 3D-structure [Fig. 1(c)].25 Scaffold and staple strands are
mixed together, heated, and cooled down slowly to room temper-
ature to ensure correct DNA hybridization of the individual parts.
DNA origami structures can be designed with open-sourced soft-
ware like caDNAno25 or canDo.26 First, with the aid of caDNAno,
the user decides on the geometry of the structure and the scaf-
fold is routed through this geometry to obtain the desired shape.
Subsequently, the staple strands are planned so that parallel DNA
helices are connected by crossovers and the final structure is sta-
bilized. The conformational flexibility of the planned structure is
estimated with the software canDo. At the end of the design pro-
cess, a list of staple strands to be purchased for synthesis is obtained.
To get from DNA origamis to DNA origami nanorulers, certain sta-
ples strands are modified, e.g., with fluorescent dyes. As each staple
position in the DNA origami is precisely known, the exact posi-
tion of the fluorescent dyes in the DNA origami is well-defined.27
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Alternative to fluorescent dyes, a multitude of chemical functional-
ities including amino- or thiol groups, biotin, cholesterol, pyrene,
and click chemistry groups can thus be introduced in pre-defined
patterns at well-controlled stoichiometry providing the chemical
handles for placing proteins, nanoparticles, and essentially every-
thing that is compatible with the water chemistry of DNA. Another
simple and versatile attachment chemistry can be offered by extend-
ing the staple strands so that single-stranded DNA oligonucleotides
protrude from the DNA origami to which other DNA functional-
ized moieties can bind.28 Protruding single-stranded DNA is also
used for the super-resolution technique DNA-PAINT that is the
basis of one of the most important realizations of DNA origami
nanorulers.9,20,29
For designing a DNA origami nanoruler, simple geometric con-
siderations are made. Along the direction of the DNA helix, the
distance between two adjacent bases is 0.34 nm and the distance
between the centers of two neighboring DNA helices is between
2.5 nm and 2.8 nm depending on the exact origami design (e.g.,
honeycomb or square lattice) and the buffer conditions.30,31 Still,
the finally measured distance in a DNA origami nanoruler rarely
exactly meets the designed distance as over larger distances further
aspects such as strain, torsion, and bending come into play.14,19,32
Additional distance inaccuracy comes from incorporation efficiency
of modified staple strands, docking site accessibility of external mod-
ifications, and length and flexibility of used dye linkers to the DNA.33
Hence, accurate distances have to be determined by microscopes
that are able to resolve the structure and are calibrated to determine
the distances.19,28 With this procedure, accurate placement (<1 nm)
can be achieved.28,32,34
Fundamentally, fluorescent dyes can be incorporated at every
base position of the DNA origami. At very small distance (<5 base
pair distance), however, quenching occurs as soon as the dyes phys-
ically touch.35 For larger distances, fluorescence scales perfectly lin-
ear with the number of dyes.19,20 In practice, fluorescent dyes are
commonly incorporated by labeling staple strands at the 3′- or 5′-
end, which is also more economical. To this end, the number of
fluorescent dyes per DNA origami is limited to roughly 1000 for
a maximally labeled DNA origami still avoiding quenching and to
about 200 dyes for singly labeled staple strands. For a 12 helix-bundle
(12 HB), i.e., a typical DNA origami nanoruler structure that has
a length of roughly 200 nm and a diameter of ∼13 nm, this means
that we find one potential dye position every nanometer along its
1D projection [see Fig. 1(d)]. In simple terms, the 12 HB is a DNA
origami nanoruler that can be seen as a molecular breadboard with
one plug-in position every nanometer.
Besides the 12 HB, typical DNA origami structures used for
DNA origami nanorulers are rectangles and rod-like structures such
as DNA bundles (e.g., 6 HB) [see Figs. 1(d) and 1(e)]. The rectan-
gular structure enables modifications over the whole 2D breadboard
structure and the 6 HB is so long that a nanoruler with marks at its
ends can be resolved with conventional fluorescence microscopy.20
For 3D applications, a pillar-like structure was designed that can
specifically be immobilized via its small base using biotin modifi-
cations on streptavidin surfaces and stands roughly 200 nm high
despite its enormous aspect ratio.23,36
In the following, we describe more specific applications of DNA
origami nanorulers. We chapter the methods into the more general
stochastic switching (also referred to as single-molecule localization
methods) and targeted switching super-resolution approaches37 and
report on the strength of these tools in atomic-force microscopy
(AFM) and transmission electron microscopy (TEM). Finally, we
outline emerging DNA origami applications in which they are used
as reference structures.
II. STOCHASTIC SWITCHING BASED
SUPER-RESOLUTION MICROSCOPY NANORULERS
The principle of the reconstruction of stochastic single
molecule localizations shown in Fig. 1(a) can be accomplished
by different approaches as, for example, covered in the following
reviews.1,38,39 Most common single-molecule localization techniques
use either the stochastic activation of photoswitchable fluorescent
molecules such as fluorescent proteins and certain organic dyes
(STORM,5 PALM,7 GSDIM,40 SOFI41), or the stochastic binding
of fluorescently labeled molecules to a target (PAINT,8 uPAINT,42
DNA-PAINT9).
All of these SR methods work with image reconstruction,
implying that the true image cannot be immediately deduced from
the acquired data, but lies beneath layers of data processing, like
localizing, un-drifting, and other corrections. Single-molecule local-
ization super-resolution methods especially require optimization of
the measurement parameters and the sample preparation. For sam-
ple preparation, dense enough labeling and a high enough number
of localizations have to fulfill resolution requirements of the Nyquist
criterion.43 Due to the number of factors and the indirect and algo-
rithmic procedure to obtain the final image, resolution is not solely
defined by localization precision. It is therefore vital to verify the per-
formance of the setup and to test whether a claimed resolution can
indeed be achieved. Further, to ensure only one emitting molecule
at a time within a diffraction limited region, the blinking kinetics
have to be adapted accordingly. Here, a positive control is helpful
for adjusting the photoswitching, blinking or dye binding kinetics
to the measurement method that depends amongst others on buffer
compositions and laser excitation conditions. The latter requires
that the positive control uses the same fluorescent dyes in a similar
environment. All these arguments call for reliable and well-defined
structures in the nanometer regime that can be adapted to the needs
of the specific method and even for the fluorescent dye used. Here,
the introduced DNA origami nanorulers serve as an established ref-
erence tool, offering a quantitative analysis of the resolution, e.g., a
multi-Gaussian fit to the line profile along a 12-helix bundle DNA
origami with three equidistant spots is a measure of the optical
resolution [Fig. 2(a)].28 To answer the question of the accuracy of
nanorulers, a strategy was developed to quantify the traceability of
DNA origami nanorulers in SI units, establishing them as true stan-
dards. Accordingly, the accuracy, and not only the precision of the
nanorulers, was characterized and found that the accuracy of marks
(labeling spots) on DNA origami was commonly better than 2 nm.28
Many labs meanwhile use DNA origami nanorulers to first check
and demonstrate their SR abilities and then present their biological
results obtained by SR microscopy.44–49
Besides, for the investigation of a new method for the spec-
tral filtering of fluorescent impurities,50 DNA origami nanorulers
are often used to demonstrate the ability of new software and hard-
ware tools. Parameter free resolution estimation in single images15,51
and data processing methods for cluster analysis52–54 utilize DNA
APL Mater. 8, 110902 (2020); doi: 10.1063/5.0022885 8, 110902-3
© Author(s) 2020
APL Materials PERSPECTIVE scitation.org/journal/apm
FIG. 2. Super-resolution microscopy with DNA-PAINT. (a) Nanorulers with 20 nm spacing between marks. The histogram shows the accumulated profile of a representative
nanoruler (white frame) and is fitted with a triple gaussian.28 (b) Fiducial marker (FM) and nanorulers with 80 nm spacing imaged simultaneously (upper image). Below, the
same image, drift corrected using the positions of the FM.62 (c) Two-color overlaid super-resolution images of nanorulers with 80 nm spacing between dual-color labeled
marks before and after correction of the chromatic shift. The chromatic correction was calculated in a separate measurement of dual-color labeled DNA origami FMs.28 (d)
Single DNA origami structures with docking sites at a designed distance of ∼6 nm. The upper histogram shows the accumulated profile of one representative DNA origami
(white frame), fitted with a double Gaussian. The bottom histogram shows the distribution of many measured distances fitted with a Gaussian.21 (e) Average image of 215
DNA origami structures with the letters “LMU.” The distance between adjacent spots are ∼5 nm.60
origami nanorulers as verification tool for their performance. Hard-
ware improvements of microscopy setup components are also
demonstrated with nanorulers as reference tool. This includes the
introduction of a chip-based waveguide, which decouples the total
internal reflection fluorescence (TIRF) illumination from the detec-
tion path,55 the development of SPAD arrays for widefield appli-
cations,56–58 and active stabilization of the sample throughout the
measurement to reduce its drift.59
Sample drift is a crucial problem in SR microscopy. Whereas
focus drift in the axial direction leads to an irretrievable loss in
localization precision, a sample drift in the x–y-plane can be cor-
rected for. Freely available and widely used localization software like
Picasso60 or ThunderSTORM61 can use cross-correlation or fiducial-
based alignment algorithms to back-calculate the x–y drift. For suf-
ficient numbers of localizations, the cross-correlation can undrift
the sample structures to a certain extent. A more precise and sta-
ble approach tracks the continuous signal from additional fiducial
markers (FM) in the sample62 [Fig. 2(b)]. However, the use of FM
implies a reduced sample density to guarantee the diffraction limited
separation of the continuous signals.
Besides the sample movement induced shifts, experimenters
can also be confronted with steady shifts, e.g., chromatic aberra-
tions induced by the optical elements in the detection path. For these
shifts, a correction vector map can be generated by measuring dual
color FM, or other structures, where fluorophores of both colors
can be localized at the same position. This map can be evaluated in
calibration measurements for linear shifts28 [Fig. 2(c)], or, analo-
gously, for radial and combined shifts.63
DNA origami FM used for the corrections above can be realized
with fluorophores incorporated in a DNA origami structure making
them also subject to photobleaching. More elegantly, DNA origami
FM can be incorporated with many identical binding strands for
DNA-PAINT. Renewal of labeled strands makes them free of pho-
tobleaching, maintaining a steady intensity trace, even throughout
long measurements.60 To reduce the background, one can use the
same labeled imaging strands as for the structure under investiga-
tion.
In general, DNA-PAINT has recently attracted attention as the
required dye blinking is separated from the photo-physics of the
dyes so that the full photon budget of the brightest dyes can be used
and multiplexing is facilitated using orthogonal binding sequences.
Moreover, DNA-PAINT provides an additional information chan-
nel from examining the binding kinetics.64,65 In recent publications,
optimization of the binding kinetics was used to decrease the SR
imaging time to the order of a minute.66,67 Historically interesting,
DNA-PAINT was first developed on DNA origamis and in con-
junction with DNA origami rulers.9,14 With DNA-PAINT labeled
DNA origami structures with a spot distance of 6 nm could be
resolved already in 2014 [Fig. 2(d)],21 which was excelled in 2017
with 5 nm distances resolved in grid arrangements of dyes with
∼1 nm precision, representing the letters “LMU” [Fig. 2(e)].60 The
latter study showed that the labeled DNA origami structures can
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also be used as FM to undrift the sample. Other commonly used
FM are gold nanoparticles (AuNPs), quantum dots, and fluorescent
microspheres.
Over the last decade, SMLM advanced into the third dimen-
sion. Common methods use either the biplane approach68 or astig-
matism69 to image in an axial range of several hundred nanometers.
The ability of resolving several tenth of nanometers adds additional
value to well-defined 3D DNA origami structures. The so-called
nanopillars with 80 nm spot distance and arbitrary spatial orienta-
tion in the sample were first resolved under the use of astigmatism23
and served as reference tool for a quantitative analysis on the per-
formance of a 3D SR microscopy setup with the biplane approach63
[Fig. 3(a)]. The option of attaching nanoparticles to DNA origami
structures was used for a study of the shift of fluorescent signals
induced by plasmonic nanoparticles placed in proximity of a fluo-
rescent dye [Fig. 3(b)].70 This can be visualized in 2D [red-yellow
color code in left panels of Fig. 3(b), gray overlay indicates scatter-
ing of the nanoparticle] and 3D [blue-red color code in right panels
of Fig. 3(b)], whereas the 3D imaging is essential for the quanti-
tative estimation of the shift. In addition, flow cytometry recently
advanced toward 3D imaging [Fig. 3(c)].71 The SR of the two spots,
labeled with different colors with 180 nm distance, was achieved
by dual channel acquisition. A reference measurement with beads
mapped the astigmatic change of the PSF to an axial position in
the flow chamber (indicated with 1, 2, 3). The designed distance
could then be recuperated from the distribution of several hundred
nanorulers passing the field of view (FOV) one by one.71
Standard and customized DNA origami nanorulers are com-
monly available for all stochastic SMLM techniques mentioned in
this paragraph. For TIRF microscopes, independent of the imaging
technique of choice, sealed and “ready to image” DNA-PAINT sam-
ples can be purchased. A recent publication might even establish
DNA-PAINT for HILO or EPI illumination.72
III. TARGETED SWITCHING SUPER-RESOLUTION
NANORULERS
The second approach of super-resolution microscopy uses tar-
geted switching of fluorescent molecules by using patterns in the
excitation pathway and exploiting saturable transitions.37 Stimu-
lated emission depletion (STED) nanoscopy is a prominent exam-
ple for these coordinate targeted techniques and overlays a donut-
shaped depletion beam on a Gaussian excitation, hence reducing
the effective detection volume.4,73 The requirements for microscopy
with targeted readout are different and therefore also need differ-
ent DNA origami nanorulers. One major difference is that sev-
eral dyes are allowed to fluoresce at the same time. Here, the
versatility of DNA origami nanorulers can be seen in a wide
range from diffraction limited to nanometer precise placements of
dyes.
The most broadly used microscopy technique with structured
illumination is confocal microscopy. Not being a SR technique, it
requires diffraction limited samples, hence dyes separated by 386 nm
on a six helix-bundle can be resolved [Fig. 4(a)]. For confocal
FIG. 3. (a) 3D DNA-PAINT image of 3D nanopillars with 80 nm spacing using the biplane method. The upper sketch shows nanopillars indicating a broad distribution of
orientation. On the left is a 2D view of localization clouds in the x–y plane with color encoded z-position. An exemplary nanopillar (yellow frame) is depicted before (left)
and after (right) drift correction and analyzed for the spatial separation and the angular orientation of the two spots (bottom).63 (b) Molecular localization shift by plasmonic
coupling. A sketch depicting the expected emission spots with and without the presence of a gold nanoparticle next to the respective 2D DNA-PAINT images (scale bars,
200 nm) and 3D DNA-PAINT images (scale bars, 100 nm).70 (c) Multicolor 3D localization flow cytometry. A cylindrical lense in the detection pathway resolves the z positions
(1, 2, 3) in the flow cell with astigmatism. Nanorulers, labeled with red and green dyes (180 nm distance between marks), are simultaneously detected in two color channels.
From the respective x–y position (pinpointed by a gaussian) and the z position (estimated by the ellipticity of the PSF), distances between marks can be calculated in 3D.
The histogram shows the measured distances of numerous nanorulers.71
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FIG. 4. DNA origami nanorulers across length scales for SR based on targeted
switching. (a) Nanoruler for diffraction limited microscopy. On the left, a six helix-
bundle labeled with two fluorophores in 386 nm distance is shown. Thus, the DNA
origami is resolvable with standard confocal microscopy, which is shown on the
right.20 (b) Nanoruler for 2D STED microscopy: The sketch on the left shows a rect-
angular DNA origami labeled with two parallel lines of fluorophores at a distance
of 71 nm. The panel on the right shows that these lines are resolved with STED
microscopy.20 (c) Nanoruler for 3D MINFIELD-STED microscopy. On the left, an
upright 12 helix-bundle is shown and is labeled with single fluorophores at a dis-
tance of 91 nm. This 3D structure is resolved using MINFIELD-STED microscopy
on the right.82 (d) Nanoruler for MINFLUX nanoscopy. On the left, the labels on a
rectangular DNA origami are indicated. On the right, using MINFLUX nanoscopy,
the blinking fluorophores are resolved with 1 nm precision.10
microscopy, the applications range from calibration of the setup to
training of experimenters.20
While the performance of a confocal setup can be calculated
via Abbes formulas, this is not as straight-forward for SR setups,
like STED microscopes. Here, the resolution is mainly dependent on
the power of the depletion beam, however, also sample properties,
e.g., the dyes themselves as well as photobleaching have an influ-
ence on the resolution.29 Hence, the effective resolution needs to
be accessed experimentally.74 Thanks to the robustness and homo-
geneity of DNA origami nanorulers in signal and size, they are
routinely used to resolve inter-mark distances down to few tens of
nanometers, demonstrating that the SR setup can resolve the struc-
tures of interest [Fig. 4(b)]. These samples are mostly of biological
nature and gave insights, e.g., in the actin/spectrin organization at
synapses using 3-colors multilevel STED,75 the γ-secretase in neural
synapses76 or topoisomerase in mitochondria.77
With increasing STED laser powers and improved resolution,
the volume from which fluorescence is still allowed is decreas-
ing so that fewer and fewer molecules are contributing to the sig-
nal and the background increases due to the high overall laser
power. Resolution can then be limited by the signal-to-noise ratio
and common fluorescent beads are either too big or not bright
enough for optimal quantification of the STED abilities. To this
end, DNA origamis can offer point-light sources with maximized
brightness density. A typical DNA origami structure with 23 nm
diameter could, e.g., be labeled with ∼80 dyes and immobilized
for STED imaging. With these DNA origami nanobeads, optimized
point-spread-functions for STED deconvolution imaging were
obtained that could not be matched with conventional fluorescent
beads.78
The choice of dyes is another important aspect for optimizing
STED microscopy. Using DNA origami nanorulers, different dyes
were tested under different conditions.79 In addition, the multiplex-
ing possibility of DNA-PAINT was exploited in combination with
STED by alternating washing and labeling steps of DNA origami
structures.80,81 Importantly, multiplexing was achieved with a single
color system by encoding the different labels in the DNA sequences
used for labeling.79
As DNA origami nanorulers are established, not only resolu-
tions on existing methods are checked but also proof-of-principle
measurements of new more powerful techniques are demonstrated
with DNA origami nanorulers as the reference structure. One
example is the introduction of the STED modality MINFIELD-
STED. MINFIELD is an imaging strategy that increases resolution
by reducing the exposure and hence the photobleaching.82 With
MINFIELD-STED, 2D objects smaller than 25 nm were resolved,
as well as 3D DNA origami nanorulers with an axial precision of
60 nm [Fig. 4(c)]. Furthermore, other advances of STED nanoscopy,
e.g., faster STED by parallel sub-second electro-optical-STED,83 or
in extended sample regions83,84 were first demonstrated with DNA
origami structures.85,86
The latest step in resolution of optical nanoscopy was the com-
bination of advantages of single-molecule localization microscopy
and excitation patterning shown in the so-called minimal photon
flux nanoscopy (MINFLUX).10,11 MINFLUX nanoscopy localizes
the dye in the minimum of four donut-shaped beams, reaching
localization precision in the single digit nanometer regime with less
than 100 photons per localization, as well as enabling the tracking
of quickly diffusing molecules. To be precise, MINFLUX requires
stochastic switching for superresolution but was classified in this
section due to the similarity of laser profiles. Proof-of-principle
measurements were performed on DNA origami nanorulers, which
resolved several dyes in less than 6 nm distances with a precision
of less than 1 nm in 2D as well as 3D.20 Here, several dyes were
placed on a DNA origami nanoruler and activated stochastically
and it was demonstrated that better localization precision could be
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achieved with fewer detected photons. Similarly, other techniques
called SIMFLUX87 or Rose88 use the idea to combine a structured
illumination and its emission information to enhance the resolution
twofold. Again, proof-of-principle measurements were shown with
DNA origami nanorulers.
IV. ENERGY TRANSFER NANORULERS
The breadboard character of DNA origami nanorulers makes
them an ideal tool to investigate distance dependent energy transfer
mechanisms at the single-molecule level. Förster resonance energy
transfer (FRET) ensemble studies using donor–acceptor labeled
poly-proline were first conducted in 1967, showing higher FRET effi-
ciencies than expected.89 To investigate this discrepancy, rigid DNA
origami blocks have been used as reference structures for quanti-
tative single-molecule FRET studies. Placing donor and acceptor
dyes on the surface of a DNA origami block with known distances
reduces the influence of the dye linkers and circumvents the need for
a multiparametric fit in comparison to commonly used dsDNA con-
structs.90 Furthermore, FRET was used in combination with DNA
origami nanostructures in 2009 to probe the controlled opening
and closing of the dynamic lid of a DNA origami box designed
for applications such as drug delivery [Fig. 5(a)].91 Besides energy
transfer between organic dyes, interactions of dyes with different
materials ranging from nanoparticles to metallic surfaces are pos-
sible to be investigated in a highly controlled manner using DNA
origami nanostructures. Analogously to FRET studies, nanoparticle
or metallic surface induced quenching effects were examined with
respect to fluorescence intensity, as well as fluorescence lifetime.92
DNA origamis were used to position AuNPs at varying distance to
a dye, and the quenching effect and its distance dependence were
elucidated. Additionally, the precise positioning of AuNPs in close
vicinity to a fluorophore can be used as a plasmonic nanoantenna.
Placing a single fluorophore in the plasmonic hotspot induced by a
single or multiple AuNPs, the fluorescence brightness is enhanced
up to more than 400 fold.93,94 Even further, a combination of AuNPs
and FRET was already investigated and depending on the condi-
tions, an enhancement of FRET rates could be found [Fig. 5(b)].95,96
In addition, the coupling of plasmons on the DNA origamis itself as
nanowires was demonstrated.97
A dye in an excited state can transfer its energy not only to
metallic nanoparticles, but also to a metallic surface. The immobi-
lization of 3D DNA origami structures with labeled fluorophores
on such metallic surfaces enables the investigation of the z dimen-
sion due to the height dependent energy transfer [Fig. 5(c)]. This
approach was used to study quenching effects of fluorophore labeled
nanorulers to a gold surface, which later could be used as a calibra-
tion structure to deduce the height information of the labeled fluo-
rophores.98 Recent advances with the combination of semi-metallic
graphene were made to increase the z-resolution to nanometer pre-
cision [Fig. 5(d)], which can be combined with SR microscopy
techniques like, e.g., DNA-PAINT or MINFLUX to realize highly
sensitive 3D SR microscopy.99,100
V. BRIGHTNESS REFERENCING AND EMERGING
APPLICATIONS
A. Expansion Microscopy
Another approach to SR is physical expansion of the sample
so that initially unresolvable distances are increased to values larger
than the diffraction limit to achieve SR information. One advantage
is that SR is achieved with common diffraction limited microscopy
techniques. In expansion microscopy (ExM), the sample is embed-
ded in an electrolytic polymer [Fig. 6(a)] to which the fluorescent
labels are crosslinked.101 After degradation of the sample, the poly-
mer gel is expanded by dialysis with water. With conventional ExM,
FIG. 5. (a) A box shaped DNA origami with a green and a red dye as a FRET pair, which acts as an opening sensor.91 (b) Positioning of a donor dye, an acceptor
dye, and a gold nanoparticle for the investigation of energy transfer rates. It was shown that an AuNP can enhance the FRET rate.95 (c) Gold surfaces or semi-metallic
surfaces like graphene act as powerful quenchers, which can enable nanometer resolution along the optical axis.98–100 (d) Positioning of dyes on graphene with DNA origami
nanopositioner yields quenching of intensity and fluorescence lifetime of a dye depending on its height with a d−4 distance dependence.99
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FIG. 6. (a) Top: Polyacrylamide gel before (5.4 mm average width) and after expansion (19.4 mm average width) with a macroscopic expansion factor of 3.6. Bottom: TIRF
microscopy image of immobilized nanorulers before gelation and expansion carrying ATTO647N dyes. After expansion nanorulers are imaged in epi-fluorescence and the
160 nm intermark distances are clearly resolved, represented by two adjacent spots (selected zoom-ins).105 (b) Rectangular DNA origami as fluorescence brightness standard.
Top insets, fluorescence images of 12×, 24×, or 36× ATTO647N dyes on the DNA origami. Bottom inset is the sketch of nanoruler with 36× dyes. Scale bars, 2 μm; color
scale from 15 to 100 counts.20 (c) Counting dyes by means of photon statistics. Probability density of estimated emitter numbers from rectangular DNA origami with 12× and
36× ATTO 647N dyes. A log-normal fit to the probability density is depicted as a solid line. Box plot indicates the central 68% quantile about the median of the probability
density. The dashed line represents the expected emitter number.79 (d) Brightness distributions of DNA origami nanobeads (GATTA-Beads, 23 nm) and conventional
polystyrene beads (FluoSpheres, 40 nm) reveal the superior homogeneity of DNA origami based nanobeads.79 (e) Images of highly labeled DNA origami nanobeads
(10×, 34×, and 74× dyes) taken with a commercial super-resolution microscope and a monochrome smartphone camera-based fluorescence microscope. The scale bar is
applicable to all images.107
macroscopic expansion factors of 3–5× are usually achieved, while
further increased resolution factors are realized with more sophis-
ticated techniques like iterative ExM (up to 20fold) or by a combi-
nation of ExM with SIM.102–104 Generally, the expansion factor is
determined at the macroscopic scale, i.e., by examining the macro-
scopic swelling of the gel. However, several parameters are critical
for characterizing ExM including the expansion factor, cross-linking
efficiency, the fraction of active dyes after expansion, and so on.
Using nanorulers with inter-mark distances of 160 nm, it could
be shown that nanorulers could efficiently be expanded yielding
bright marks that could be resolved with conventional microscopy
[Fig. 6(a)].105 Interestingly, the microscopic expansion factor yielded
smaller microscopic expansion factors of 3.0 compared to a macro-
scopic expansion factor of 3.6, which could be explained by the sur-
face immobilization of the DNA origami nanorulers. For a quanti-
tative interpretation of biological expansion microscopy, nanorulers
as in situ references could also be helpful to reveal anisotropy in the
expansion process.
As SR techniques, especially MINFLUX, probe the single
nanometer regime, a particular interest of DNA origami nanoruler
is how close two dyes can be placed. On one hand, the placement
of dyes is DNA-base pair specific, and on the other hand, dye–dye
interactions may occur. Hence, DNA origami nanorulers were used
as a breadboard to investigate the intensity and lifetime of two dyes
in a single base pair precise distance.35 It was found that, in the
case of ATTO 647N at small distances, the lifetimes and intensi-
ties of the dyes decrease, which is due to the static quenching of
H-type dimer formation. Hence, two independent dyes on a DNA
origami nanoruler are limited to a minimal distance of seven base
pairs, which equals ∼2.3 nm. This leads to the conclusion that in total
more than 1000 dyes can be placed on a single DNA origami struc-
ture without losing the intensity signal. Together with the highly
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controllable breadboard character of DNA origami nanorulers, this
naturally leads to DNA origami structures as brightness standards.
This is especially interesting for the characterization of the PSF for
donut-shaped beams, commonly used in STED and MINFLUX.11
B. Brightness referencing
The quantification of labeled dye numbers, i.e., counting the
individual fluorophoric labels, plays a key role in the investigation
of biological processes as, e.g., in the determination of protein rates
and protein complex stoichiometries or the deduction of mathe-
matical models.106 As discussed in the introduction, appropriately
labeled DNA origami structures show a linear dependence of sig-
nal intensity on the number of incorporated dyes [Fig. 6(b)].19,20,107
Together with the stoichiometric control of incorporation, DNA
origami nanostructures can thus be used as quantitative signal refer-
ences. Using DNA origami brightness references, a sensitivity scale
of units of fluorescent molecules could be introduced similar to the
MESF (molecules of equivalent soluble fluorochrome) that is used in
cytometry. In this context, the advantage of DNA origami reference
samples (also called DNA origami beads) is that the same dyes as for
the sample of interest can be used and the dyes are in a similar chem-
ical buffer environment to the sample in contrast to plastic beads
commonly used in flow cytometry.108 Additionally, recent applica-
tions of spectroscopic barcoding in cytometry, i.e., the multicolor
and multi-stoichiometric labeling of molecules of interest, require
the exact determination of the number of labeled dye molecules with
single fluorophore sensitivity.109
Counting molecules is also important in microscopy to deter-
mine how many labeled molecules contribute to a signal. Count-
ing molecules by intensities has the disadvantage that intensity
is an extensive variable. For developing alternative techniques,
the photon statistics has for example been used also using DNA
origami nanorulers. Techniques like “counting by photon statis-
tics” (CoPS)110 use the idea of photon antibunching to deduce the
number of independent emitters and their molecular brightness
[Fig. 6(c)].85 Here, DNA origami nanorulers with their controllable
number of dyes were used as proof-of-principle samples, resolving
the number of physical emitters.
The potentially large labeling density of DNA origami
nanorulers and the high control over the labeling stoichiometry
enable the design of compact and very bright fluorescent beads.
Commercially available DNA origami based fluorescent beads show
an improved homogeneity and flexibility compared to other con-
ventional beads [Fig. 6(d)]. Such DNA origami nanobeads could be
used, e.g., in the determination of PSF in 3D STED microscopy.79
Highly labeled DNA origami brightness references have also been
applied for probing the sensitivity of other types of microscopes.
In the recent past, smartphone-based fluorescence microscopy
(SBFM) has, for example, evolved as a promising approach to var-
ious applications in point-of-care (POC) diagnostics like quantifi-
cation of immunoassays, detection of microorganisms, or sens-
ing of viruses.107,111 Although SBFM creates a promising low-cost
and field-portable solution, high detection sensitivity comparable
to laboratory-based fluorescence microscopes is necessary for the
detection of target substances at the single-molecule level. DNA
origami nanobeads with up to 74 labeled fluorophores were used to
quantify the detection sensitivity of a SBFM [Fig. 6(e)].107 For the
monochrome smartphone camera used in the study, a sensitivity
down to 10 fluorophores could be determined. Recently, detection
of single emitters on a SBFM could even be achieved by placing sin-
gle fluorophores in the plasmonic hotspot of a DNA origami based
nanoantenna.94
The high control over designed geometries and the breadboard
character of DNA origami structures enables the creation of ref-
erence structures also for other imaging methods besides optical
fluorescence microscopy. For example, placing plasmonic nanopar-
ticles on a 24 helix-bundle DNA origami as shown in Fig. 7(a)
forms chiral nanorulers especially suitable for 3D tomography or
electron microscopy (EM).112,113 The nanorulers of pure chirality
(either left-handed L or right-handed R conformation) can easily
be detected with EM due to their high contrast and show circular
dichroism (CD) due to plasmonic resonance of the chirally labeled
nanoparticles. In electron tomography, such chiral nanorulers were
used as reference structures to determine the left-handed chirality of
macrofibrils in mammalian hair.114,115
Besides placing modifications on DNA origami for nanometrol-
ogy, the designed structural geometry of the DNA origami itself can
FIG. 7. (a) Left: Left- and right-handed nanohelices with nine gold nanoparticles
attached to 24-helixbundle DNA origami. Right: Exemplary corresponding CD
spectra of L (red) and R (blue) nanohelices. Insets show TEM images of cor-
responding nanohelices (scale bars, 20 nm).112 (b) Top left: Sketch of a DNA
rectangular origami (GATTA-AFM) with the theoretical locations for the Atto647N
fluorophores. Background shows an STED image of the corresponding nanorulers.
Top right: Fast amplitude modulation (AM) AFM image of the DNA origami lat-
tice. The inset represents a cross-section across the central ladder seam of the
DNA nanostructure (z-scale: 2 nm). Bottom: Optical correlation of consecutively
acquired STED and AFM images of (left) SIM160R and (right) STED70R nanoruler
(GATTAquant GmbH) with corresponding sketches.116
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TABLE I. Overview of typical used DNA origami nanorulers for different fluorescence
microscopy techniques.
Microscopy Number of
techniques Distance/nm fluorophores per spot
MINFLUX 2D10/3D11 <10 1
STORM 2D20,55,123/3D23 30, 50, 90/180 6/10
DNA-PAINT 2D19–21/3D63 <10, 20, 40, 1–6/1080/30, 80
SIM122 140 20
Confocal20 270–350 20
STED 2D75/3D82 50, 70, 90/80 20/15
be used as a nanoruler. By designing the stapling of the scaffold
strand, structural characteristics of known geometry can be intro-
duced into the DNA origami. This can be used to design topological
nanorulers for scanning probe microscopy (SPM).27 Figure 7(b) top
images show an atomic force microscopy (AFM) nanoruler based
on a rectangular DNA origami.116 The depicted AFM nanoruler
exhibits a central ladder seam bridging the crossed halves with a
pitch of 6 nm, which can be used as a reference structure for quan-
titative AFM analysis [Fig. 7(b) top right]. Combining controlled
positioning of fluorophores on the DNA origami and the design of
the geometrical structure itself makes it a powerful tool for corre-
lating AFM and optical microscopy. Exemplary optical correlation
of STED and AFM for 160 nm and 70 nm nanorulers is shown
in Fig. 7(b) bottom. The consecutively acquired STED and AFM
images underline the accurately designed geometries of the fluo-
rophore marks and the nanoruler itself. Additionally, combining
the topographic information of AFM with the tip induced quench-
ing of labeled fluorophores on DNA origami enabled correlative
localization studies with sub 5 nm resolution.117 DNA origami ref-
erence structures were also successfully used to investigate the pro-
duction of singlet oxygen from a single photosensitizer molecule
conjugated to the nanoruler. The subsequent diffusion of the singlet
oxygen could be visualized by placing singlet oxygen cleavable linker
molecules with biotin labels in designed distances to the photosensi-
tizer molecule. After binding of streptavidin to the remaining linker
molecules with biotin labels, the diffusion radii of the produced
singlet oxygen molecules could be examined via AFM imaging.118
Also, the combination of confocal microscopy with an ABEL
trap uses DNA origami nanorulers to test the performance of the
setup.119 The ABEL trap is an electrophoretic system, which tracks
small particles via fluorescence and applies an electrokinetic feed-
back, which cancels the Brownian motion of the particle, thus
trapping the particle.120
On one hand, the fluorophore of the DNA origami nanoruler is
used to detect the DNA origami and control the anti-Brownian elec-
trokinetic trap (ABEL trap). On the other hand, the origami aspect
was used to explore different hydrodynamic radii, hence diffusion
coefficients, and test the performance of this setup.
VI. CONCLUSION
DNA origami nanorulers provide an unprecedented control
of shape and stoichiometry of impressively large objects. The
simplicity of fabrication and the chemical robustness have enabled
DNA origami to become the scaffold for reference structures in
several fields of research and technology. In this perspective, we
highlight the emerging applications in optical microscopy, scanning
probe microscopy, and electron microscopy. In the meantime, even
manufacturers of microscopes promote their products using DNA
origami nanoruler demonstration.121,122 On the other hand, DNA
origami nanorulers as a ubiquitously available single-molecule stan-
dard can help customers to decide which microscope to purchase for
a specific application and are frequently used as positive control for
training the respective microscopy technique.
Typical and commonly used DNA origami nanorulers for dif-
ferent fluorescence microscopy techniques are listed in Table I with
the required distances and fluorophore numbers.
For the future, we expect an ever-growing applicability of DNA
origami nanorulers, brightness references, and further emerging
applications in the fields of cytometry, microfluidics, and molecular
diagnostics as well as fluorescence and correlative microscopy. As
new functionalities are easily added for targeting the DNA origami
to different local environments and binding partners, DNA refer-
ence structures have the potential to report on local events and to
work in situ in complex chemical environments.
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